Blue fluorescence phosphor ZrO 2 :Ti, P/Al 2 O 3 composite bodies were fabricated by sintering {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powder, which had been heat-treated at 1500°C, and ¡-Al 2 O 3 powder at 1500°C. No cracks were observed on the fabricated blue fluorescent ZrO 2 :Ti, P/10, 30, 50, and 70 wt%Al 2 O 3 composite sintered bodies. The fluorescence intensities of the ZrO 2 :Ti, P/10, 30, 50, and 70 wt%Al 2 O 3 composite sintered bodies were 77, 82, 85 and 82% that of the ZrO 2 :Ti, P blue phosphor powder, respectively. The internal quantum efficiency of the blue fluorescent ZrO 2 :Ti, P/50 wt%Al 2 O 3 composite bodies was 57% when excited at 280 nm.
Introduction
The blue fluorescence phosphor ZrO 2 :Ti, which has a long fluorescence lifetime and does not contain light-emitting elements, has recently attracted a great deal of attention. Studies have reported that oxygen defects formed in ZrO 2 are involved in the blue fluorescence, because a part of the Ti 4+ that is soliddissolved in ZrO 2 exists as Ti 3+ . 1)5) However, there are almost no detailed data regarding the effect of the amount of Ti on the fluorescence properties or the improvement in fluorescence intensity with the addition of elements other than Ti. Therefore, we have investigated 1) the relationship between the amount of Ti and the fluorescence properties and 2) the relationship between the addition of elements other than Ti and the fluorescence properties. We reported that (1) from the fluorescence intensity results measured at an excitation wavelength of 280 nm with a composition of {ZrO 2 + x ppm Ti (x = 050 000)}, a maximum fluorescence intensity of nearly 1000 ppm Ti was obtained, and (2) an improvement in the fluorescence intensity was observed upon the addition of P, Sn, Se, B, Si etc. to the composition of {ZrO 2 + 1000 ppm Ti}. The addition of P was particularly effective; the strongest fluorescence intensity was obtained with a composition of {ZrO 2 + 1000 ppm Ti + 4000 ppm P}. 6 ) Such further enhancement in fluorescence intensity by the addition of P to the composition of {ZrO 2 + 1000 ppm Ti + 4000 ppm P} may be explained by analogy with the electronic conduction mechanism proposed for TiO 2 P 2 O 5 glass, in which the Ti 3+ sites are increased by the co-existence of P. 7),8) The internal quantum efficiency of the {ZrO 2 + 1000 ppm Ti + 4000 ppm P} blue phosphor powder was estimated to be 59% at room temperature and decreased with increases in temperature. The internal quantum efficiencies at 80 and 150°C were 36 and 10%, respectively. The {ZrO 2 + 1000 ppm Ti + 4000 ppm P} blue phosphor was obtained from a monoclinic ZrO 2 single phase. In order to fabricate sintered bodies with high mechanical strength, it is necessary to obtain stabilized zirconia containing solid-dissolved Y 2 O 3 etc. However, blue fluorescence is not obtained in zirconia that is stabilized with the tetragonal or cubic phases. Therefore, it must be in the monoclinic phase to produce strong blue fluorescence. Creating a composite of ZrO 2 and Al 2 O 3 is a known method of fabricating sintered bodies that exhibit high mechanical strength while maintaining a monoclinic ZrO 2 phase, 9),10) and this study investigated the fabrication of blue fluorescent ZrO 2 sintered bodies by combining ZrO 2 and Al 2 O 3 .
Experimental procedure
We used ZrO 2 (Tosoh Corporation, TZ-0), TiO 2 (Titan Kogyo, Ltd., KA-10C), NH 4 H 2 PO 4 (Wako Pure Chemical Industries Ltd., 99%) and Al 2 O 3 (Sumitomo Chemical Co., Ltd., AKP-3000) as starting materials. We obtained ZrO 2 blue phosphor powder by compounding ZrO 2 , TiO 2 , and NH 4 H 2 PO 4 with a composition of {ZrO 2 + 1000 ppm Ti + 4000 ppm P} and wet-mixing it using a planetary ball mill. After it dried, we placed it in an Al 2 O 3 crucible (Nikkato Co. Ltd., SSA-S) and heat-treated it for 2 h at 13501600°C in air. We added Al 2 O 3 at 10, 30, 50 and 70 wt% to this {ZrO 2 + 1000 ppm Ti + 4000 ppm P} blue phosphor powder, wet-mixed it using a planetary ball mill and dried it. After pressing it under 100 MPa, we sintered it for 2 h at 1500°C in air, and fabricated blue fluorescent {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/Al 2 O 3 composite sintered bodies. The evaluations were performed using X-ray diffraction measurement (Rigaku Co. Ltd. MiniFlexII), scanning electron microscopy (JEOL Ltd., JSM-7500F), fluorescence spectrum measurement (Japan Spectroscopic Co. Ltd., FP-6500), and quantum efficiency measurement (Hamamatsu Photonics K.K., Quantaurus-QY). Figure 1 shows the X-ray diffraction patterns and lattice constant variations of {ZrO 2 + 1000 ppm Ti + 4000 ppm P} blue phosphor powder samples heat-treated for 2 h at temperatures ranging from 1350 to 1600°C. The measured diffraction peak in each of the samples was attributed only to monoclinic ZrO 2 (mZrO 2 ). Diffraction peaks attributable to TiO 2 , P 2 O 5 , ZrP 2 O 7 , etc., are not observed in the XRD patterns, suggesting that the Ti and P atoms were dissolved into the ZrO 2 lattice. The X-ray photoelectron spectroscopy (XPS) measurement results for the {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powder sample were as follows. 6) No Ti2p peak was detected because the amount of Ti additive was small. On the other hand, only a P2p peak at 133.87 eV corresponding to P 5+ was observed, and the existence of P 3+ was not recognized from the XPS measurement. The lattice constants for the samples heat-treated between 1350 and 1600°C were 0.52950.5307 nm for a, 0.52000.5209 nm for b, and 0.51340.5142 nm for c. The maximum of a, b and c was observed at around 1500°C, with only a slight variation in temperatures. There is no uniformity in the variations for any of the lattice constants a, b, and c, so it can be assumed that crystal distortion occurred. It is thought that the causes for the increase in the lattice constant were the generation of Ti 3+ with an ionic size larger than Ti 4+ and the repulsion between cations due to the formation of oxygen defects. Figure 2 shows the relationship between the fluorescence intensity of samples heat-treated at each temperature, measured at 475 nm when excited at 280 nm, and the heat-treated temperatures. The fluorescence peak was measured at 475 nm for all samples. There were no differences observed due to the heat-treatment temperatures. At temperatures between 1350 and 1500°C, the fluorescence intensity increased monotonically with the heat-treated temperature, and decreased when the temperature exceeded 1500°C. The strongest fluorescence intensity was obtained for the sample that was heat-treated at 1500°C. Because the lattice constant was at its maximum at around 1500°C, we thought that the effect of the abundance of oxygen defects, etc., formed in the {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powder sample played a part in this variation in fluorescence intensity.
Results and discussion
Blue fluorescent {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/Al 2 O 3 composite sintered body samples were fabricated by sintering at 1500°C after Al 2 O 3 powder in the amounts of 10, 30, 50 and 70 wt% was added to {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powder prepared at 1500°C. No cracks were observed in any of the four {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/Al 2 O 3 composite sintered body samples, and the three-point bending strengths (JIS R1601) of the {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/x wt% Al 2 O 3 composite sintered body samples (x = 10, 30, 50 and 70 wt%) were 92, 105, 147 and 150 MPa, respectively. Figure 3 shows the Xray diffraction pattern on the surface of the {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/Al 2 O 3 composite sintered body samples and the X-ray diffraction pattern on the Al 2 O 3 powder of the starting material and the {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powder sample. For all four {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/ Al 2 O 3 composite sintered body samples, the observed diffraction peaks were attributed to m-ZrO 2 and ¡-Al 2 O 3 only, and since the reactants of ZrO 2 and Al 2 O 3 were not observed, it is believed that they formed {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/Al 2 O 3 composite sintered bodies. Furthermore, from the reflected electron image of the {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/50 wt% Al 2 O 3 composite sintered body sample shown in Fig. 4 , combinations of ZrO 2 particles (bright particles) and Al 2 O 3 particles (dark particles) were observed. From the X-ray diffraction patterns in Fig. 3 , it was observed that the m-ZrO 2 diffraction peak intensity decreased with increases in the amount of Al 2 O 3 in the four {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/Al 2 O 3 composite Fig. 1 . X-ray diffraction patterns of ZrO 2 :Ti,P {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powders heat-treated at various temperatures. The inset shows the effect of the heat-treatment temperature on the lattice constant. Journal of the Ceramic Society of Japan 124 [9] 950-953 2016 sintered body samples. Conversely, the peak intensity of the ¡-Al 2 O 3 diffraction increased. However, no shift in the diffraction peak angle related to m-ZrO 2 due to the Al 2 O 3 additive amount was observed. Furthermore, the lattice constants calculated from the m-ZrO 2 diffraction peaks of the {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powder sample and the four {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/Al 2 O 3 composite sintered body samples were constant. Figure 5 shows the relationship between the fluorescence intensity measured at 475 nm for the four {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/Al 2 O 3 composite sintered body samples, when excited at 280 nm and the amount of Al 2 O 3 additive. The fluorescence peak was measured at 475 nm for all samples. There were no differences observed because of the amount of the Al 2 O 3 additive. When the fluorescence intensity of the {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powder sample was compared, decreases in the fluorescence intensities of {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/Al 2 O 3 composite sintered body samples were observed. The fluorescence intensities of the {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/x wt% Al 2 O 3 composite sintered body samples (x = 10, 30, 50 and 70 wt%) were 77, 82, 85 and 82% that of the {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powder sample, respectively. The cause of the decrease in fluorescence intensity with the addition of Al 2 O 3 is the decrease in the amount of m-ZrO 2 (the {ZrO 2 + 1000 ppm Ti + 4000 ppm P} blue phosphor) in the {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/Al 2 O 3 composite sintered body samples. However, the fluorescence intensities of the 30, 50 and 70 wt% Al 2 O 3 additive samples was slightly increased compared with that of the 10 wt% Al 2 O 3 additive sample. On the other hand, the sintering shrinkage of the {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/Al 2 O 3 composite sintered body samples was 10, 11, 14 and 15% for the 10, 30, 50 and 70 wt% Al 2 O 3 additive samples, respectively. Densification progressed with increases in the amount of Al 2 O 3 additive. A slight increase of the fluorescence intensities of the 30, 50 and 70 wt% Al 2 O 3 additive samples is thought to be influenced by densification. Figure 6 shows the excitation and emission spectra of the {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powder sample and a {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/50 wt% Al 2 O 3 composite sintered body sample. A cut-off filter (<320 nm) was used during the measurement. The {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/50 wt% Al 2 O 3 composite sintered body sample had an internal quantum efficiency of 57% when excited at 280 nm.
Conclusions
When blue florescent powder samples were prepared by heattreated {ZrO 2 + 1000 ppm Ti + 4000 ppm P} composition at temperatures ranging from 1350 to 1600°C, the fluorescence intensity was strongest in a {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powder sample that was heat-treated at 1500°C when excited at 280 nm and measured at 475 nm. When the {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powder was heat-treated at 1500°C, Al 2 O 3 was added at 10, 30, 50, and 70 wt%, and after pressing, the result was sintered at 1500°C, there were no cracks in any of the fabricated {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/Al 2 O 3 composite sintered body samples. We determined from microstructural observation that the {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/ Al 2 O 3 composite sintered body samples were composites of ZrO 2 ({ZrO 2 + 1000 ppm Ti + 4000 ppm P}) and Al 2 O 3 particles. Furthermore, the X-ray diffraction pattern results showed diffraction peaks only for monoclinic ZrO 2 and ¡-Al 2 O 3 , confirming the formation of ZrO 2 /Al 2 O 3 composite bodies. Compared to the fluorescence intensity of the {ZrO 2 + 1000 ppm . Excitation (left) and emission (right) spectra of (a) ZrO 2 :Ti,P {ZrO 2 + 1000 ppm Ti + 4000 ppm P} powder heat-treated at 1500°C and (b) a ZrO 2 :Ti,P + 50 wt% Al 2 O 3 composite sintered body measured by using a cut-off filter (<320 nm).
Ti + 4000 ppm P} powder sample, those of the {ZrO 2 + 1000 ppm Ti + 4000 ppm P}/10, 30, 50 and 70 wt% Al 2 O 3 composite sintered body samples were 77, 82, 85 and 82%, respectively.
